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DATA TRANSITION IN HIGHLY PARALLEL
DATABASE MANAGEMENT SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

The present U.S. Utility Patent Application claims priority
pursuant to 35 U.S.C. § 120 as a continuation of U.S. Utility
application Ser. No. 16/924,458, entitled “DATA TRANSI-
TION IN HIGHLY PARALLEL DATABASE MANAGE-
MENT SYSTEM?, filed Jul. 9, 2020, which is a continuation
of U.S. Utility application Ser. No. 15/722,968, entitled
“DATA TRANSITION IN HIGHLY PARALLEL DATA-
BASE MANAGEMENT SYSTEM?”, filed Oct. 2, 2017,
issued as U.S. Pat. No. 10,713,276 on Jul. 14, 2020, which
claims priority pursuant to 35 U. S.C. § 119(e) to U.S.
Provisional Application No. 62/403,328, entitled “APPLI-
CATION DIRECT ACCESS TO NETWORK RDMA
MEMORY™, filed Oct. 3, 2016, and U.S. Provisional Appli-
cation No. 62/403,231, entitled “HIGHLY PARALLEL
DATABASE MANAGEMENT SYSTEM”, filed Oct. 3,
2016, all of which are hereby incorporated herein by refer-
ence in their entirety and made part of the present U.S.
Utility Patent Application for all purposes.

FIELD OF THE DISCLOSURE

The present invention generally relates to a system and
method for organizing and managing large volume of data,
and more particularly relates to a massively parallel database
management system with minimum latency. More particu-
larly still, the present disclosure relates to a massively
parallel database management system that is highly opti-
mized for managing a large volume of data with high
read-write ratio.

DESCRIPTION OF BACKGROUND

With rapid development and widespread utilization of
technologies in the last few decades, a large volume of
digital data is generated on a daily basis. Organizing and
managing such amounts of data have promoted the devel-
opment of database technologies. Relational database man-
agement systems (“RDBMS”), such as Oracle Database
Management System, Microsoft SQL Database Manage-
ment System and MySQL Database Management System,
have thus been proposed and gained broad acceptance for
data management. Relational database management systems
focus on writing operations (also referred to herein as
writes), such as record update and deletion, as much as they
focus on reading operations (also referred to herein as
reads). These systems rely on primary keys of each data
table to generate indexes for database search.

However, relational database management systems, and
other types of traditional database systems, no longer meet
the demands of certain users as Internet and other technolo-
gies produce and consume dramatically more data in recent
years. In particular, larger and larger amount of data are
generated as each day goes by. The amount of data is now
measured in Gigabytes (GBs), Terabytes (TBs), Petabytes
(PBs) and even Exabytes (EBs). Internet tweets, healthcare
data, factory data, financial data and Internet router logs are
examples of large quantity data. In addition, trillions of rows
of data are regularly produced by machines, such as sensors,
cameras, etc. Oftentimes, these data are frequently read, but
rarely written (such as update and deletion). Alternatively, it
can be said that such data is rarely mutated and has a low
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2

mutation rate. The ratio between the number of time that a
piece of data is read and the number of times it is written can
reach the level of, for example, one million to one or even
higher.

Accordingly, a database system managing these types of
large data volumes needs to optimize read operations over
write operations. For example, the new database system
needs to handle millions and even billions of read queries
per second. Furthermore, such a new type of database
system needs to provide an acceptable minimum latency in
searching an extremely large data base, reading a piece of
desired data, and providing it to computer software appli-
cations and users. Traditional database management systems
cannot meet such a demand.

Various new databases have been proposed to meet pro-
gressively larger amounts of data. For example, Google Inc.
has developed Bigtable data storage system built on Google
File System and other Google technologies. Bigtable is not
a relational database system. Instead, it is a sparse and
distributed multi-dimensional sorted map that is indexed by
a row key, column keys and a timestamp. In Bigtable, row
keys in a table are arbitrary strings; and column keys are
grouped into column families as shown in FIGS. 1 and 2.
Amazon.com, Inc. has developed a similar database sys-
tem—Amazon DynamoDB. DynamoDB is a NoSQL data-
base that is also not a relational database. DynamoDB uses
tables, items and attributes in its data modeling. Further-
more, DynamoDB requires unique primary keys, such as
unique attributes, hash values, and hash and range values.
DynamoDB also implements Local Secondary Index and
Global Secondary Index. These efforts still fall short for the
new challenges. For example, Bigtable and DynamoDB are
not optimized for data with extremely high read-write ratios,
are sparse and thus not storage efficient, still rely on con-
ventional infrastructure, and cannot directly access storage
devices for optimal performance.

Accordingly, there is a need for a new database manage-
ment system that manages large amounts of data, is highly
optimized for data with a low mutation rate, achieves
minimum latency with a massively parallel architecture and
mechanism, and reduces storage cost.

OBIECTS OF THE DISCLOSED SYSTEM,
METHOD, AND APPARATUS

Accordingly, it is an object of this disclosure to provide a
database management system for managing large volumes
of data with low latency.

Another object of this disclosure is to provide a database
management system that is massively parallel in both read
and write operations.

Another object of this disclosure is to provide a massively
parallel database management system accessible over the
Internet.

Another object of this disclosure is to provide a massively
parallel database management system with a payload store
and an index store.

Another object of this disclosure is to provide a massively
parallel database management system with payload and
index stores having clusters of nodes.

Another object of this disclosure is to provide a massively
parallel database management system with a payload store
with clusters of different temperatures.

Another object of this disclosure is to provide a massively
parallel database management system with different types of
storage devices for different temperatures.
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Another object of this disclosure is to provide a massively
parallel database management system performing data tran-
sitions between different temperatures of storage systems.

Another object of this disclosure is to provide a massively
parallel database management system performing data tran-
sitions between different temperatures of storage systems
based on data life.

Another object of this disclosure is to provide a massively
parallel database management system performing data tran-
sitions between different temperatures of storage systems
based on a least recently read policy.

Another object of this disclosure is to provide a massively
parallel database management system with payload and
index stores having their clusters and nodes interconnected
over high speed links.

Another object of this disclosure is to provide a massively
parallel database management system with payload and
index stores having their clusters and nodes interconnected
over high speed links supporting RDMA.

Another object of this disclosure is to provide a massively
parallel database management system with clusters having
equal number of nodes.

Another object of this disclosure is to provide a massively
parallel database management system with clusters having
equal number of storage drives.

Another object of this disclosure is to provide a massively
parallel database management system with clusters main-
taining segment and storage disk drive maps.

Another object of this disclosure is to provide a massively
parallel database management system with clusters support-
ing parity for redundancy and fault tolerance.

Another object of this disclosure is to provide a massively
parallel database management system with clusters support-
ing XOR encoding for redundancy and fault tolerance.

Another object of this disclosure is to provide a massively
parallel database management system with clusters support-
ing P+Q encoding for redundancy and fault tolerance.

Another object of this disclosure is to provide a massively
parallel database management system with clusters support-
ing Reed-Solomon encoding for redundancy and fault tol-
erance.

Another object of this disclosure is to provide a massively
parallel database management system fitting rows of data
into coding blocks that align on page boundaries.

Another object of this disclosure is to provide a massively
parallel database management system packing rows of data
into coding blocks sequentially.

Another object of this disclosure is to provide a massively
parallel database management system randomly distributing
filled coding blocks between segments.

Another object of this disclosure is to provide a massively
parallel database management system writing coding blocks
into segments sequentially.

Another object of this disclosure is to provide a massively
parallel database management system identifying rows of
data by unique row numbers.

Another object of this disclosure is to provide a massively
parallel database management system identifying rows of
data by row numbers that uniquely locate rows within the
database system.

Another object of this disclosure is to provide a massively
parallel database management system implementing row
numbers identifying segment group, IDA offset, segment
offset and row offset.

Another object of this disclosure is to provide a massively
parallel database management system with data storage
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software applications directly associated with low level
storage device drivers without relying on file systems.

Another object of this disclosure is to provide a massively
parallel database management system running data storage
software applications and storage device drivers in user
mode.

Another object of this disclosure is to provide a massively
parallel database management system with data storage
software applications associated and storage device drivers
that directly access storage devices.

Another object of this disclosure is to provide a massively
parallel database management system with storage device
drivers programmed in computer program language C++ for
optimal performance.

Another object of this disclosure is to provide a massively
parallel database management system with an index struc-
ture.

Another object of this disclosure is to provide a massively
parallel database management system with an index struc-
ture having row numbers located in leaves.

Another object of this disclosure is to provide a massively
parallel database management system with index leaves
stored in low endurance storage devices and index values
stored in high endurance storage devices.

Another object of this disclosure is to provide a massively
parallel database management system with index leaves
stored in low endurance storage devices and grouped by
segments.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
writes across different Solid State Drives.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
writes across different NVRAMs.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
writes on individual Solid State Drives.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
writes on individual NVRAMs.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
reads across different Solid State Drives.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
reads across different NVRAMs.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
reads on individual Solid State Drives.

Another object of this disclosure is to provide a massively
parallel database management system to perform parallel
reads on individual NVRAM:s.

Another object of this disclosure is to provide a massively
parallel database management system that minimizes
rewrites on solid state drives (SSDs) to allow low cost and
low endurance NAND flash drives to be used to store large
volume of data.

Other advantages of this disclosure will be clear to a
person of ordinary skill in the art. It should be understood,
however, that a system or method could practice the disclo-
sure while not achieving all of the enumerated advantages,
and that the protected disclosure is defined by the claims.

SUMMARY OF THE DISCLOSURE

Generally speaking, pursuant to the various embodiments,
the present disclosure provides a massively parallel database
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management system for managing a massive volume of
data. The database management system includes a database
system including a payload store and an index store, each of
which includes a set of clusters interconnected over high
speed links. Each cluster includes a set of nodes, each of
which includes one or more storage disk drives. As used
herein, storage disks are storage disk drives are also referred
as storage devices. The set of nodes implement redundancy
and fault tolerance schemes. Each cluster has high-speed
interconnections via, for example, switches. The high-speed
links support Remote Direct Memory Access. The payload
store includes clusters of different storage temperatures.
Different types of storage devices are utilized for different
temperatures based on factors, such as endurance and cost.
Accordingly, temperature is also interchangeably referred to
herein as TOP Density Capability. Depending on one or
more criteria, data in one temperature is transitioned to
another temperature.

The payload store includes a first temperature cluster and
a second temperature cluster that are connected by inter-
cluster high speed networking links. The first temperature
cluster includes a set of first temperature nodes intercon-
nected via first intra-cluster high speed networking links.
Each node within the set of first temperature nodes includes
a storage device having a first temperature segment storing
a first temperature data of a first temperature. The first
temperature segments of the first temperature cluster form a
first temperature segment group. The second temperature
cluster includes a set of second temperature nodes intercon-
nected via second intra-cluster high speed networking links.
Each node within the set of second temperature nodes
includes a storage device having a second temperature
segment. The second temperature segments of the second
temperature cluster form a second temperature segment
group.

A first computer within the payload store is adapted to
determine that the first temperature data of each the first
temperature segment of the first temperature segment group
should be transitioned to a corresponding the second tem-
perature segment of the second temperature segment group
based on a data transition rule. Pairs of nodes within the first
temperature cluster and corresponding nodes within the
second temperature cluster are adapted to transition the first
temperature data of the first temperature segment group to
the second temperature segment group in parallel. Each pair
of the pairs consists of a source node within the set of first
temperature nodes and a destination node within the set of
second temperature nodes. The source node is adapted to
send the first temperature data stored on the first temperature
segment of the source node to the destination node. The
destination node is adapted to write the received data to the
second temperature segment of the destination node, thereby
forming a second temperature data of a second temperature.
The destination node is adapted to send a notification to the
source node that the second temperature data is stored in the
second temperature segment of the destination node. The
source node is adapted to receive the notification. The source
node is adapted to delete the first temperature data from the
first temperature segment of the source node.

The index store manages indexes, while the payload store
stores data. The indexes are maintained in an index structure,
such as a B+ tree. Leaves of the index structure store row
numbers of rows of data. Data in the leaves is sorted by
segment when stored in low endurance storage devices.
Index values are stored in high endurance devices as they
can be written more often.
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The database system manages data in rows and can
handle, for example, quadrillions of rows. The rows of data
can be of fixed size. Rows are packed into coding blocks.
Coding blocks have the same size as, or are a multiple of, the
page size for the particular drives used by the storage nodes.
Each coding block thus includes multiple rows and a header.
Coding blocks are written into storage disk drives of nodes
within clusters on page boundaries. Database software appli-
cations running in clusters and on nodes within clusters
maintain open coding blocks in memory. Each open coding
block is an ordered unit of storage, belonging to a segment,
and the opening of one such block is performed after the
closing of the previous block. Each segment is a fixed-size
portion of a storage drive in a node. When one or more open
coding blocks are filled, they are flushed to their associated
storage drives. Accordingly, rows of data are sequentially
written into coding blocks; and coding blocks are sequen-
tially written into segments on each node. Further, the
database system achieves a higher level of utilization of
storage drives, and thus reduces cost.

The open coding block memory can be pinned memory
buffers that are accessible via Remote Direct Memory
Access by networking interfaces and other nodes within the
database system. The database system generates a row
number for each row. The row number includes a segment
group identifier, an IDA offset, a segment offset and a row
offset for uniquely locating the row of data in a node disk
drive. Database software applications are associated with
low level storage device drivers to bypass file systems. The
direct association allows the applications to communicate
with the drivers for directly read data from and write data
into particular physical locations of storage disk drives. The
direct access to the drives improves performance of the
system. Furthermore, the drivers are coded using a computer
programming language such as, for example, C++ for even
better performance in reading and writing data.

BRIEF DESCRIPTION OF THE DRAWINGS

Although the characteristic features of this disclosure will
be particularly pointed out in the claims, the invention itself,
and the manner in which it may be made and used, may be
better understood by referring to the following description
taken in connection with the accompanying drawings form-
ing a part hereof, wherein like reference numerals refer to
like parts throughout the several views and in which:

FIG. 1 is a prior art database architecture.

FIG. 2 is a prior art database data model.

FIG. 3 is a communication system with a database man-
agement system for managing a large volume of data in
accordance with the teachings of this disclosure.

FIG. 4 is a simplified block diagram illustrating a database
system in accordance with this disclosure.

FIG. 5 is a simplified block diagram illustrating a high
performance database system constructed in accordance
with this disclosure.

FIG. 6 is a simplified block diagram illustrating a routing
table for routing between segment identifiers and storage
devices in accordance with this disclosure.

FIG. 7 is a simplified block diagram illustrating a segment
group constructed in accordance with this disclosure.

FIG. 8 is a simplified block diagram illustrating a segment
group constructed in accordance with this disclosure.

FIG. 9 is a simplified block diagram illustrating coding
blocks constructed in accordance with this disclosure.
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FIG. 10 is a simplified block diagram illustrating a
random distribution of rows between a set of segments
constructed in accordance with this disclosure.

FIG. 11 is a flowchart depicting a process by which a
database system writes data into cluster nodes in accordance
with the teachings of this disclosure.

FIG. 12 is a simplified block diagram illustrating a row
number in accordance with the teachings of this disclosure.

FIG. 13 is a simplified diagram depicting an index struc-
ture in accordance with the teachings of this disclosure.

FIG. 14 is a flowchart depicting a process by which a
database system processes indexes in accordance with the
teachings of this disclosure.

FIG. 15 is a flowchart depicting a process by which a
database system serves data to applications in accordance
with the teachings of this disclosure.

FIG. 16A is a flowchart depicting a process by which a
cluster node in a database system associates with a storage
device driver in accordance with the teachings of this
disclosure.

FIG. 16B is a simplified block diagram of a database
system in accordance with the teachings of this disclosure.

FIG. 17 is a sequence diagram depicting a process by
which a database system transitions data between different
temperatures in accordance with the teachings of this dis-
closure.

FIG. 18 is a simplified diagram of a computer for use with
the teachings of this disclosure.

FIG. 19 is a simplified block diagram depicting massive
parallel writes in accordance with the teachings of this
disclosure.

FIG. 20 is a simplified block diagram depicting massive
parallel reads in accordance with the teachings of this
disclosure.

FIG. 21 is a flowchart depicting a process by which a
cluster initiates parity calculation in accordance with the
teachings of this disclosure.

A person of ordinary skills in the art will appreciate that
elements of the figures above are illustrated for simplicity
and clarity, and are not necessarily drawn to scale. The
dimensions of some elements in the figures may have been
exaggerated relative to other elements to help understanding
of the present teachings. Furthermore, a particular order in
which certain elements, parts, components, modules, steps,
actions, events and/or processes are described or illustrated
may not be actually required. A person of ordinary skill in
the art will appreciate that, for the purpose of simplicity and
clarity of illustration, some commonly known and well-
understood elements that are useful and/or necessary in a
commercially feasible embodiment may not be depicted in
order to provide a clear view of various embodiments in
accordance with the present teachings.

DETAILED DESCRIPTION

Turning to the Figures and to FIG. 3 in particular, a
communication system for managing and serving a large
volume of data is shown and generally indicated at 300. The
illustrative system 300 includes a client computer 102, a
client computer 104, a third party server system 106, and a
database management system 108. The client computers
102-104 and the third party server 106 communicates with
the database management system 108 over a wide network
120, such as the Internet. The database management system
108 includes a database server 110 and database system 112.
The database server 110 interfaces with the client computers
102-104 and the third party server 106, and interacts with the
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database system 112. For example, the client computer 104
and/or the server 106 accesses the database server 110 to
request data stored in the database system 112. The
requested data is read from the database system 112 and
returned to the data requestor. The database server 110 can
also be requested to delete or update data stored in the
database system 112. In an alternate embodiment, the data
server 110 is an element of the database system 112.

As an additional example, the client computer 104 and/or
the server 106 uploads data to the database server 110 for
storing the data into the database system 112. In one
implementation, the database management system 108 is a
standalone system or a server farm system. Alternatively, it
is implemented as a cloud system, such as the cloud based
database management system indicated at 114. The cloud
based database management system 114 includes a cloud
server 116 performing the functions of the server 110, and a
cloud database system 118 performing the functions of the
database system 112. Hereinafter, the servers 110 and 116
are collectively referred to as database server 110, and the
database systems 112 and 118 are collectively referred to as
database system 112.

The database system 112 is further illustrated by reference
to FIGS. 4 and 5. Turing first to FIG. 4, a simplified block
diagram illustrating the database system 112 is shown. The
database system 112 includes a payload store 402 for storing
and serving data and an index store 404 for storing and
managing indexes for accessing the data stored payload
store 402. The payload store 402 includes a set of coding
clusters 406, 408 and 410 for storing data and serving data
to computer software applications, such as applications
running on the computers 102-106.

Each coding cluster includes a number of nodes, such as
the nodes 432 and 434. In one implementation, the coding
clusters each have the same number of nodes. For example,
the number of nodes is five (5) in each cluster. Each node
includes one or more storage devices, such as Non-Volatile
Memory Express (NVME) and Serial Advanced Technology
Attachment (SATA) storage devices. Nodes within a coding
cluster are connected through high speed links. In other
words, each cluster has local high-speed-interconnect (HSI),
such as Infiniband, via a switch. The clusters are connected
to each other through a switch 420 via high speed links, such
as the links 422 and 424. The links between the clusters are
high-speed-interconnect, such as Infiniband.

Each node is a computer system, a simplified diagram of
which is shown in FIG. 18 and generally indicated at 1800.
The computer 1800 includes a processing unit 1802, a
network interface 1806 operatively coupled to the process-
ing unit 1802, some amount of memory (such as DRAM)
1804 accessed by the processing unit 1802, a storage device
1808 operatively coupled to the processing unit 1802, and a
computer software application 1810 running on the process-
ing unit 1802. To obtain the maximum performance in one
implementation, the computer software application 1810 is
coded in a high performance computer programming lan-
guage, such as C++.

Referring now to FIG. 5, an illustrative embodiment of
the high performance database system 112 is shown. Three
coding clusters of the payload store 402 are indicated at 505,
515 and 525 respectively. A coding cluster of the index store
404 is indicated at 535. In the illustrative database system
112, the clusters 505, 515 and 525 each include exactly five
nodes indicated at 501, 511 and 521 respectively in the
illustrative embodiment. The cluster 505 is a blazing storage
cluster; the cluster 515 is a hot storage cluster; and the
cluster 525 is a warm storage cluster. In a further imple-
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mentation, the database system 112 includes or communi-
cates with a cold cluster 545. As used herein, blazing, hot,
warn and cold indicate data temperature that corresponds to
the expected access rate of the data. For example, the age of
the data is measured in days in a system where newer data
is expected to be accessed more frequently. For instance,
blazing indicates that data is less than X days old, hot
indicates that data is less than Y days old and older than data
in blazing clusters, warm indicates that data is less than Z
days old and older than data in hot clusters, and cold
indicates that data is at least Z days old. Z is bigger than Y
while Y is bigger than X. For example, X is seven; Y is
twenty one; and Z is forty two. The age can also be measured
in seconds, minutes and hours.

The links 508 and 509 are capable of remote direct
memory access (RDMA). In particular, the index cluster 535
is connected to the storage clusters 505,515,525 by high
speed, RDMA capable links 508. On the other hand, the
storage clusters 505,515,525 are connected to one another
by standard (non-RDMA capable) high performance net-
work links 509, such as 100 Gbps Ethernet. Nodes within a
cluster are linked using HS1 508, such as Infiniband or iWarp
Ethernet. Switches 503, 513, 523 and 533 interconnect the
clusters 505, 515, 525 and 535 over HSI 509, such as 100
GB Ethernet. As used herein, links between clusters are
termed as inter-cluster links while links between nodes
within a cluster are termed as intra-cluster links. As dis-
cussed above, Infiniband, iWARP Ethernet, RoCE Ethernet
and Omnipath are examples of high speed, RDMA capable
links. Importantly, such links allow different nodes in each
cluster to exchange information rapidly; as discussed above,
information from one node is inserted into the memory of
another node without consuming processor cycles on either
node.

The blazing storage node 501 may include, for example,
an array of Non-Volatile Dual Inline Memory Module
(NVDIMM) storage, such as that marketed by Hewlett
Packard Enterprise, or any other extremely fast storage,
along with appropriate controllers to allow for full speed
access to such storage. In one implementation, the storage is
Apache Pass NVRAM storage. The hot storage node 511
may include, for example, one or more Solid State NVME
drives, along with appropriate controllers to allow for full
speed access to such storage. The warm storage node 521
may include, for example, one or more Solid State SATA
drives, along with appropriate controllers to allow for full
speed access to such storage.

Each index node 531 will also include storage, which will
generally comprise high performance storage such as Solid
State SATA drives or higher performance storage devices.
Generally, the index nodes 531 will store the database
structure itself, which may comprise, for example, a collec-
tion of indexes and other data for locating a particular piece
of data on a storage drive in a node within the payload 402.

The blazing storage cluster 505 also comprises a high
speed switch 503. Each blazing storage node 501 is opera-
tively coupled to the high speed switch 503 through a high
speed, RDMA capable link 508. Similarly each hot storage
node 511 is coupled to a high speed switch 513 through a
high speed, RDMA capable, link 508, and each warm
storage node 521 is coupled to the high speed switch 523
through a high speed, RDMA capable, link 508. Similarly,
the high speed switches 503,513,523 are coupled to each
storage cluster 505, 515, 525, and are each coupled to the
high speed switch 533 of the index cluster 535 by a high
speed, RDMA capable, link 508.
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In accordance with the present disclosure, the database
system 112 implements various unique features to be
extremely efficient for database reads. These features
include, without limitations to, sequential writes of rows in
a coding block, sequential writes of coding blocks within
segments, random distribution of coding blocks among
nodes within a cluster, massive parallel access between
nodes, storage access software running within user space,
data storage without conventional file systems, coding data
alignment on page boundaries, high speed links between
nodes within a cluster via switches, high speed links
between clusters, and row numbers for fast determination of
data location on physical disks. Moreover, the database
system 112 implements various unique features to reduce
cost of the storage devices of the database management
system 108. For example, the database system 112 uses less
storage space (meaning high disk space utilization) since it
fits the maximum number of data rows in each coding block.
Additionally, the hot cluster 505 utilizes NVME drives while
the warm cluster 515 uses lower-cost SATA storage disks.

As an additional example, it utilizes lower cost storage
devices for colder temperature clusters. Moreover, the data-
base system 112 avoids overwrites and rewrites against
storage devices supporting limited numbers of program/
erase (P/E) cycles, such as NAND flash drives, that have
low-endurance but are lower-cost.

The database system 112 is capable of managing a large
volume of data, such as one quadrillion (10'°) rows of data.
In one implementation, each row is of a fixed size of one
hundred or fewer bytes of data. In one example of such a
case, the database system 112 is capable of managing about
one hundred Peta Bytes (PBs) of data. Data is grouped in
segments with some fixed size. Each segment is assigned to
exactly one node in exactly one coding cluster in the payload
store 402. In such a case, a segment is the fundamental
relocatable unit in the database system 112. Each unique
segment is stored on exactly one storage disk, and multiple
unique segments can be stored on a disk. Suppose that each
storage drive has a storage capacity of 512 GBs, and a
segment to be stored has a capacity of 128 GBs, the database
system 112 then is capable of managing about 781,250
segments storing one quadrillion rows of data.

Each cluster within the payload store 402 maintains a
routing table providing a mapping between segment identi-
fiers and storage drives. In one implementation, the routing
table is maintained and stored locally by each node in a
cluster that may need to access data, and consistently
replicated between nodes in the cluster upon changes. An
illustrative routing table is shown in FIG. 6 and generally
indicated at 600. In the routing table 600, each entry 610
incudes a segment identifier (ID) 602 and disk ID 604. The
segment 1D 602 uniquely identifies a segment in the data-
base system 112; and the storage disk ID 604 identifies a
storage disk (also referred to herein as a storage machine).
Each entry 610 is 128 bytes long in the illustrative imple-
mentation. In such a case, the size of the routing table 600
is about one hundred (100) MBs, which is maintained in
memory (such as direct random access memory (DRAM))
for fast access.

In one illustrative embodiment of the database system
112, each cluster includes eight (8) storage disks, each on a
separate node, and thus eight segments of data as shown in
FIG. 7. The eight segments are indicated at 702-716 respec-
tively and form a cluster 700. Each segment comprises of a
set of consecutive coding blocks, such as the blocks labeled
0-13 and so on in the segment 702. To obtain the optimal
performance in reading data from and writing data into
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coding blocks, the coding blocks are sized to match the page
size of the storage drives 702-716. The coding blocks are
each four kilobytes (4 KB) long when the page size is 4 KB.
Physical access of storage devices is faster if an access is
limited to one block.

Each line of coding blocks across the eight segments
702-716, such as the eight coding blocks labeled as 0, is
termed herein as a coding line. The coding lines of the
cluster 700 are indicated at 720-733 and 799 (meaning the
rest blocks). To provide fault tolerance and redundancy for
the database system 112, the cluster 700 uses parity infor-
mation for data construction when one or more disks fail. In
the illustrative cluster 700, the parity blocks storing parity
information are indicated with black color, such as the
coding blocks 0 in the segments 712-716.

Another illustrative cluster of the database system 112 is
shown in FIG. 8 and generally indicated at 800. The cluster
800 includes five segments 802, 804, 806, 808 and 810, each
of which includes one storage drive. The cluster 800 imple-
ments a P+Q parity encoding scheme for redundancy. For
example, the coding blocks 820-838 store parity information
while other coding blocks store data. It should be noted that
the coding blocks store index data when the cluster 800 is an
index cluster. In a different implementation, the cluster 800
implements Reed-Solomon coding for error correction.

Each coding block contains a set of rows of data. An
illustrative coding block is shown in FIG. 9 and generally
indicated at 900. The coding block 900 includes a coding
block header 902, which includes, without limitations to, a
checksum of the bytes in the block (such as Cyclic Redun-
dancy Check (CRC) 32), a row 904, a row 906, and so on.
The last row in the coding block is indicated at 910. It should
be noted that the sizes of the rows 904-910 may be of the
same size or different sizes. In one embodiment, all rows are
of the same size. The coding block 900 might have some
unused space 912 at the end when, for example, the unused
space 912 is smaller than the size of a row.

The database system 112 has a higher utilization of disk
space than conventional systems because it packs multiple
rows of data into each single coding block. For example,
Bigtable is a sparse database system as shown in FIG. 2 and
indicated in “Bigtable: A Distributed Storage System for
Structured Data,” Chang et al., Google, Inc., OSDI 2006,
which is hereby incorporated by reference in its entirety. The
efficient use of the storage systems saves cost and reduces
the number of writes to the storage devices. Such reduction
improves performance of the database system 112 and life
expectancy of storage devices.

Each node maintains, in memory or Non-Volatile Ran-
dom-Access Memory (NVRAM), such as Apache Pass
storage, a list of open coding blocks for segments for which
it is responsible. A coding block is said to be open when it
is available to have rows appended into it, and as such, an
in-memory copy of the data to be written is maintained. A
database software application places incoming data into the
open blocks. When a particular memory block is full, it is
written to the correct associated physical storage block on
the associated storage device. A memory coding block is
said to be full and filled when its unused space is less than
a predetermined size of memory. For example, the prede-
termined size of memory is the size of a row, such as 100
Bytes. The data write mechanism is further illustrated by
reference to FIG. 10.

Referring to FIG. 10, a simplified block diagram depicting
a data writing architecture and method by which the data-
base system 112 writes data into storage drives is shown and
generally indicated at 1000. Each node (such as the nodes
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501) in a cluster maintains and manages a set of open coding
blocks for each segment assigned to the node. The open
blocks of different nodes within a cluster correspond to a set
of coding lines. In one implementation, the coding lines and
the open blocks are controlled by a designated leader. A
segment 1042 includes two coding blocks 1052 and 1054
that have been written with data, and unused (meaning
available for storing data) blocks 1062 and 1064. Since
coding blocks are sized in accordance with the page size of
the underlying storage, the written blocks in the segment
1042 are therefore aligned on page boundary to improve
both read and write performance of the database system 112.
The reason is that accesses to a storage device is most
efficient when data is aligned, such as alignment with page
boundary. Coding blocks within segments are written
sequentially and thus efficiently use the storage space of the
underlying storage disk while minimizing rewrites to exist-
ing blocks.

Three memory blocks are indicated at 1002, 1004 and
1006. In one implementation, the memory blocks 1002-1006
are pinned memory buffer that allows Remote Direct
Memory Access (RDMA) by other nodes in the same or
different clusters, such as a node in the index store 404 or a
different node in the same cluster. In one implementation,
the list of open coding blocks (such as the blocks 1002-
1006) are arranged and managed as a queue.

Each open coding block in memory is associated with a
coding line and thus a fixed location within a segment. For
example, the coding block 1002 can be associated with the
coding line 720; the node maintaining the coding block 1002
can be the node 702. In such a case, the data rows of the
coding block 1002 are written into the block 0 of the
segment 702 after the coding block 1002 is full. The coding
block 1002 in memory is said to be full and closed when no
more data rows can be inserted into it. It is said to be open
when one or more data rows can still be inserted into it. The
coding block 0 is said to be open when the coding block
1002 in memory is not full. The coding block 0 is said to be
close when the coding block 1002 in memory is full. The
coding line 720 is said to be open if any of the coding blocks
0 in the coding line 720 is open. The coding line 720 is said
to be closed when each data coding block 0 (i.e., the blocks
0 of the segments 702-710) in the coding line 720 is closed.
Once the data rows in the coding block 1002 in memory is
flushed to the coding block 0 of the storage segment 702, it
is regarded as empty, and can be associated with another
coding line, such as the coding line 731.

Taking the coding block memory 1002 as an example, it
includes a header 1012, a data row 1014, a data row 106, and
unused space 1018. The space 1018 is big enough to contain
one or more rows of data. The coding block memory 1002
is thus not full yet. Taking the coding block memory 1006
as another example, it includes a header 1028, a data row
1030, a data row 1032, data rows 1034, a data row 1036, and
an unused space 1038. The unused space 1038 is smaller
than a predetermined size, such as a row size. Accordingly,
the memory block 1006 is said to be full and filled.

Each coding block is associated with a particular segment,
and written into the correct location within the associated
segment when the coding block is full. For example, the
coding blocks 1002-1006 are associated with and written
into the segment 1042 when they are full. The location at
which a coding block is written in a segment is illustrated in
FIG. 7. For instance, the coding block 1002 is written into
the block 8 of the segment 702 in the coding line 728. Full
coding blocks are written into the correct location in their
associated segment on disk. In one embodiment of the
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present disclosure, the result of sequentially writing arbi-
trary data rows into the available open blocks is an effec-
tively random distribution of rows across multiple coding
blocks. In such a case, when a group of data rows must be
read, they can be read in parallel because they are likely to
be present in separate coding blocks regardless of the
specific grouping criteria. The random distribution of data
rows within a set of coding blocks provides massively
parallel access to the data, such as reads and updates.

The data writing process is further illustrated by reference
to FIG. 11. Referring now to FIG. 11, a flowchart depicting
a process by which the database system 112 writes data into
cluster nodes is shown and generally indicated at 1100. The
data is written into the database system 112 as data rows. In
one implementation, the rows are randomly distributed
between nodes within a cluster (such as the cluster 505) by
a computer software application running on, for example,
the computer 598 shown in FIG. 5. The computer software
application is thus termed herein as a row distributor.

At 1102, the database system 112 receives some amount
of data for writing into the database 112. The received data
is split into a set of data rows. The received set (meaning one
or more) of rows of data is originated from computers, such
as the client computers 102-104 and the third-party server
106. In a further implementation, the received data is
compressed at 1103. The compression reduces the use of
storage space. In one implementation, the row distributor
splits the received data into the set of rows and compresses
the data. At 1104, the row distributor distributes the set of
rows between nodes of a cluster. For example, the set of
rows are evenly distributed between the nodes when each
node includes only one segment. For instance, each node
receives two consecutive rows when the set of rows includes
ten rows and there are five single segment nodes in the
cluster. In such a case, the two rows are said to be assigned
to the corresponding node. The distribution of the set of rows
between the nodes is also random. For a particular data row,
the node within the cluster it is assigned and written to is
selected randomly.

At 1106, each node places each of its assigned rows into
an open coding block. Each row is placed in exactly one
coding block. The in-memory version of a block is directly
tied to the storage disk to which the block will eventually be
flushed. Rows are copied to parity peers over the network.
For example, the data row 1016 is placed into the illustrative
open coding block 1002, which is to be written into the
illustrative block 10 of the segment 706 in the coding line
730, where the segment 706 belongs to a node within a
cluster. As an additional example, suppose there are twenty
four rows and three open coding blocks, the first eight rows
are then written in the first open coding block, the second
eight rows are written in the second open coding block, and
the remaining eight rows are written into the third open
coding block. Each of the three coding blocks contains a set
of consecutive rows. The sequential placement of rows in
the open memory blocks means sequential write of the rows
into storage devices and segments. The sequential writes
reduce rewrites on the storage devices due to write ampli-
fication and SSD garbage collection, allowing the usage of
low-endurance SSDs in the database system 112.

After a row is placed in an open coding block, the coding
line, the segment and the segment group information of the
row 1016 is known. Accordingly, at 1108, a row number for
each assigned row is generated. In one implementation, the
row number is generated by each node. The row number
uniquely identifies the location of the row of data within the
database system 112. Furthermore, at 1108, a header of each
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open coding block is updated to indicate the row written into
the block. For example, a CRC32 checksum of the row is
updated in the header.

At 1110, the node forwards the generated row number and
the assigned row to its parity peers. For instance, suppose
that the open coding block containing the assigned row is to
be written into the coding block 11 the segment 708 in the
coding line 713, the row number and the assigned row are
then forward to the nodes of the segments 702, 704 and 706
over a direct network link, such as the HSI link 508.

At 1112, when all the open coding blocks for a given
coding line become full, each parity node calculates parity.
For example, for the coding line 729, when all the open
coding blocks to be written into the data blocks 9 of the
segments 704-712, the parity nodes 702 and 714-716 for the
coding line 729 calculate parity. The initiation of the parity
calculation is further illustrated by reference FIG. 21.

Referring to FIG. 21, a flowchart depicting a process by
which a cluster initiates parity calculation is shown and
generally indicated at 2100. At 2100, a node notifies a
designated leader node that a coding block of a particular
coding line is full. The leader node can be one of the nodes
of the cluster, and selected based on a protocol. At 2104, the
leader node determines that each data block in the coding
line is closed. At 2106, the leader node notifies each parity
node of the coding line that the coding line is closed. In
response, at 1110, each parity peer within the cluster calcu-
lates parity.

Turning back to FIG. 11, at 1114, each parity node for the
coding line stores the parity block to physical disk. The
parity block is also said to be flushed into disk. Furthermore,
at 1116, each data node of the coding line writes its corre-
sponding coding block of data into disk using a storage
device accessing driver running in user mode, not kernel
mode. In one implementation, a data node flushes a full
coding block to a disk and notifies the leader node without
waiting for other coding blocks within the same coding line.
In other words, the coding blocks of data of a coding line
may be flushed to disks by respective nodes at different
times. When all the blocks of a coding lines are flushed, the
coding line is said to be flushed and written into physical
disk. Coding lines are thus opened and flushed in sequence
by a cluster. Accordingly, the database system 112 sequen-
tially writes coding blocks into storage disks.

Furthermore, the data writing of the process 1100 does not
rely on or use a file system (such as NTFS file system or
Google File System that Google Bigtable relies on) on the
nodes. The data writing using storage device accessing
drivers running in application mode, not kernel mode,
without going through file systems significantly reduces data
writing time. At 1118, the flushed coding blocks (such as the
coding block 1002 in memory) are then marked as empty.
For instance, when the coding block 1002 is returned to a
queue of available open blocks, it is said to be marked as
empty.

As a result of the process 1100, the distribution (or
insertion) of one row to a node is not related to the
distribution of another row to the same node or a different
node within a cluster. Accordingly, read queries for data
rows at a future time results in the reading of a random set
of coding blocks from a set of storage disks. In other words,
the random distribution of rows to different segments allows
for uniform parallel read access to the stored rows. The
massive parallel read access is also extremely efficient due
to the fact that disks, such as SSDs, maintain high read rates
with random access.
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Referring now to FIG. 19, multiple writes 1902-1920 are
performed on storage drives 501 in parallel at the same time.
Furthermore, multiple writes (such as 1902-1906) are per-
formed on a single segment 501 in parallel at the same time.
With the massive parallel writing access to the storage disk
drives, such as SSD disks, the database system 112 fully
utilizes concurrent access capabilities of the storage disks.
Turning back to FIG. 11, at 1116, each filled memory block
that has been successfully written into target segments is
released and indicated as empty. For example, it is placed at
end of a queue. It should be noted that the parity information
of each filled coding block is also written into parity blocks
of parity peer segments.

The row numbers are further illustrated by reference to
FIG. 12. Referring to FIG. 12, a block diagram depicting a
row number is shown and generally indicated at 1200. The
row number 1200 includes a segment group 1202, an
Information Dispersal Algorithm (IDA) offset 1204, a seg-
ment offset 1206 and a row offset 1208. The row number
1200 uniquely identifies the location of a row of data within
the database system 112. In one implementation, the row
number 1200 is a sixty-four (64) bit number. For example,
the segment group 1202 has twenty-two (22) bits; the IDA
offset 1204 is zero-based and has five (5) bits; the segment
offset 1206 has twenty-four (24) bits; and the row offset
1208 has thirteen (13) bits. In alternate embodiments, the
row number 1200 can be, for instance, one hundred twenty
eight (128) bits long. The elements 1202-1208 may also be
of different lengths. For instance, the segment group 1202
can be twenty-four bits long.

The segment group 1202 uniquely identifies a segment
group, and the IDA offset 1204 uniquely identifies a segment
within the segment group. When the IDA offset 1204 is five
bits long, each segment group includes from one to thirty
two nodes. In one implementation, each segment group is a
cluster and the cluster includes five nodes that form, for
example, a RAID (meaning Redundant Array of Indepen-
dent Disks) 6 structure. The IDA offset 1204 uniquely
identifies a segment within the segment group 1202. When
each node includes exactly one storage disk, the IDA offset
1204 then uniquely identifies a node within the segment
group 1202. The combination of the segment group 1202
and the IDA offset uniquely identifies a segment within the
database system 112, and is thus termed herein as a segment
D.

The segment offset 1206 is the location (from the begin-
ning of the segment) of a coding block containing a par-
ticular row. The row offset 1208 is the location of the row of
data within the coding block. When the rows are of a fixed
size (such as 100 Bytes), the row offset 1208 and the fixed
size identify the beginning and end of the row within the
coding block.

The RAID 6 architecture utilizes two parity schemes. The
parity information is striped across the five storage nodes.
The parity allows the segment group to continue to function
properly even if two of the five storage nodes fail simulta-
neously. The functions include constructing a missing block
of data on one failed storage node from parity information
stored on other storage nodes. An illustrative diagram of the
RAID 6 architecture is illustrated in FIG. 8. The five storage
nodes are indicated at 802,804,806,808 and 810 respec-
tively. Parity information is stored in parity blocks 822-838.

The database system 112 further generates and maintains
indexes for rows of data stored in segments within the
system 112. The indexes support extremely low latency data
queries. Each index value maps to a set of row numbers. The
set of row numbers includes one or more row numbers. The
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indexes are structured for fast search. In one implementa-
tion, the index structure is a B+ tree that is balanced and
associated with a short search time. An illustrative index B+
tree is shown in FIG. 13 and generally indicated at 1300. The
illustrative index structure 1300 includes two index values
1302 and 1304, and three groups of leaf values indicated at
1306, 1308 and 1310 respectively. The leaf values are row
numbers of rows of data stored in the database system 112.

The index store 404 manages and maintains the index
structure 1300. The indexes 1302-1304 and the leaves
1306-1310 are stored in nodes, such as the nodes 531. In one
implementation, the leaves 1306-1310 are stored in low-cost
disks, such as solid state drives (SSDs), with low endurance,
while the index values 1302-1304 are stored in high endur-
ance storage. The high endurance storage (such as, for
example, DRAM memory, FLASH memory and NVME)
allows the index values to be written more often. The leaf
nodes of the index structures are mostly appended. Accord-
ingly, they are stored in low endurance storage devices to
reduce cost.

The index processing of the database system 112 is further
illustrated by reference to FIG. 14. Referring to FIG. 14, a
flowchart depicting a process by which the database system
112 manages indexes is shown and generally indicated at
1400. At 1402, a computer software application running in
the index store 404 operates on a row of data to generate an
index value. The computer software application runs on, for
example, a transaction coordinator that manages writing to
the index store 404 and the payload store 402. In one
implementation, the software application operates on the
row of data (such as the rows 1012-1036) using RDMA
mechanism over HSI links (such as the link 508) to generate
the index value. At 1404, the software application inserts the
index value and the row number of the row into the index
structure, such as the index tree 1300.

At 1406, the software application writes the index values
of the index structure directly into segments of clusters
within the index store 404 using, for example, a storage
driver. The write operation does not involve or use a file
system. Instead, the driver runs in user mode and directly
accesses the storage device for writing data. In one imple-
mentation, the index values are written into storage disks of
high endurance tolerating many writes.

At 1408, the software application writes the leaf values of
the index structure directly into segments of clusters within
the index store 404 using, for example, a storage driver. The
write operation does not involve or use a file system. Instead,
the driver runs in user mode and directly accesses the storage
device for writing data. In one implementation, the index
values are written into storage disks of high endurance
tolerating many writes. Furthermore, the leaves are grouped
by segment ID when they are written to storage devices. The
grouping of leaf data by segments allows sequential write of
the leaves into storage devices. The sequential write ensures
minimal rewrites due to write amplification and SSD gar-
bage collection, allowing for the utilization of low-cost,
low-endurance storage devices for the bulk of the required
storage.

Referring to FIG. 15, a flowchart depicting a process by
which the database system 112 handles data queries, such as
requests for rows of data, is shown and generally indicated
at 1500. At 1502, a set of requests for a set of rows of data
are received from computer software applications running
on, for example, the client computers 102-104. At 1504,
each data request (such as a query) is mapped to a set
(meaning one or more) of index values. It should be noted
that multiple index values may be mapped to by a single
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request. At 1506, the index structure is searched to locate the
row numbers corresponding to the index values identified at
1504. At 1508, the row numbers are used to identify the
specific segments containing the rows of data. For example,
the routing table 600 is searched to locate the segments
based on the segment groups and IDA offsets of the row
numbers. At 1510, requests for the rows of the data corre-
sponding to the row numbers are sent to the nodes of the
identified mapped segments.

At 1512, the nodes receive the requests, and call storage
device drivers to directly read the requested rows from the
segments. The nodes can be in different clusters of the same
or different temperatures. For example, the nodes can
include some nodes 501, some nodes 511, and/or some
nodes 521. When a row is read from a segment, the entire
coding block containing the row is read. Accordingly, only
one read is performed when multiple rows in the same block
are requested. Furthermore, the read operation performed by
the different nodes are in parallel. In addition, the rows of
data are distributed between different coding blocks, in
different segments because there is no relationship between
rows stored in a given block. The random distribution thus
leads to the massive parallelism in read operation. When the
rows of data are compressed data, at 1513, the rows of data
are uncompressed.

As shown in FIG. 20, the reads at 1512 are massive
parallel accesses to the nodes of the data segments. For
example, multiple reads 2002-2030 are concurrently per-
formed against the nodes 501 (such as SSD drives). Fur-
thermore, multiple reads (such as the reads 2002-2006) are
performed on a node’s segment 501 at the same time. The
massively parallel reads 2002-2030 allows the database
system 112 to optimize storage disk drive access and system
performance.

Turning back to FIG. 15, at 1514, the rows of data are
returned to users. The storage drivers the nodes and clusters
use to directly access the storage device are first associated
with the computer software applications running in the
database system 112. The process of association is further
illustrated by reference to FIGS. 16 A and 16B. Turning first
to FIG. 16A, a flowchart depicting a process by which
software applications running on nodes within the database
system 112 is associated with the storage device drivers is
shown and generally indicated at 1600. At 1602, the soft-
ware application detaches the storage device from the oper-
ating system, such as Linux operating system.

At 1604, the software application associates itself with a
lower level storage device driver for directly accessing the
storage device. In such a case, both the software application
and the lower level driver run in user mode, instead of kernel
mode. When both run in user mode, operations on the
storage device avoids the mode switch between the user
mode and kernel mode of the computer operating system,
and thus improves the performance of the database system
112. Furthermore, in one implementation, the software
application is written in computer software programming
language C++ for the sake of achieving better performance.
The lower level driver is capable of controlling a storage
device controller to read data from and write data into
particular physical locations of the storage device.

Furthermore, this association allows the database system
112 to avoid relying on a file system, such as file systems
provided by operating systems. In such a case, the software
application directly reads data from the disks and writes data
into the disks. The association and architecture are further
depicted in FIG. 16B with the lower level device driver
indicated at 1604.
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The database system 112 supports different storage tem-
peratures, such as blazing, hot, warm and cold. In one
implementation, the blazing storage comprises DRAM and
FLASH memory; the hot storage comprises NVME drives;
the warm storage comprises SATA SSD drives; and the cold
storage comprises archival storage systems, such as that
provided by Cleversafe.com. Data is copied from one tem-
perature to another. The data transition between the tem-
peratures is further illustrated by reference to FIG. 17.

Referring to FIG. 17, a sequence diagram depicting the
process by which data is transitioned from one storage
temperature to another is shown and generally indicated at
1700. At 1706, a software application, running on a node
within the payload store, determines that a collection of data,
such one or more segments, should be moved to a lower
temperature storage system based on one or more criteria.
For example, one criterion is the age of the collection of
data. The age is measured from the time the data is stored in
the current temperature storage. When the life is over a
predetermined time threshold, such as five days or five
months, the data is then transitioned out. As an additional
example, one criterion is Least Recently Used (LRU) crite-
rion. Periodically, least recently used collection (such as
collection that are least recently read) of data are transi-
tioned to a lower temperature storage system. The criteria
can also be based on the data access patterns by, for
example, counting the density of reads over time. In such a
case, data is moved to a lower temperature on a periodic
basis based upon how frequently a segment has been
accessed.

In one implementation, the transitioning unit of data is a
segment group when moving data between temperatures. In
such a case, the unit of the collection data is a segment
group; and data in the entire group is copied to a lower
temperature. When the data of a segment group of a higher
temperature is transitioned to another segment group of a
lower temperature, the pairs of nodes of the two segment
groups operate in parallel. Each pair consists of a source
node having a segment of the segment group of the higher
temperature, and a destination node having a segment of the
segment group of the higher temperature. The source node
sends data stored on its segment to the destination node,
which stores the received data into a segment on the desti-
nation node. The destination node then notifies the source
node that the data writing is done. The source node receives
the notification and deletes the data from its segment of
storage to free space for storing new data. The data transition
is parallel between the pairs. The corresponding routing
table is also updated in all nodes of the group to indicate that
the new set of nodes, storing the transitioned segment group
of data in the lower temperature cluster, now owns the
transitioned segment group.

At 1708, the collection of data (such as a segment group
of data) is forwarded to the lower temperature storage 1704
from the present temperature storage 1702. At 1710, the
collection of data is written into the temperature storage
1704. At 1712, the confirmation of successful write is sent
to the temperature storage 1702. At 1714, the collection of
data is deleted from the temperature storage 1702. Accord-
ingly, the temperature storage 1702 frees the storage space
occupied by the deleted data.

Obviously, many additional modifications and variations
of the present disclosure are possible in light of the above
teachings. Thus, it is to be understood that, within the scope
of the appended claims, the disclosure may be practiced
otherwise than is specifically described above.
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The foregoing description of the disclosure has been
presented for purposes of illustration and description, and is
not intended to be exhaustive or to limit the disclosure to the
precise form disclosed. The description was selected to best
explain the principles of the present teachings and practical
application of these principles to enable others skilled in the
art to best utilize the disclosure in various embodiments and
various modifications as are suited to the particular use
contemplated. It should be recognized that the words “a” or
“an” are intended to include both the singular and the plural.
Conversely, any reference to plural elements shall, where
appropriate, include the singular.

It is intended that the scope of the disclosure not be
limited by the specification, but be defined by the claims set
forth below. In addition, although narrow claims may be
presented below, it should be recognized that the scope of
this invention is much broader than presented by the
claim(s). It is intended that broader claims will be submitted
in one or more applications that claim the benefit of priority
from this application. Insofar as the description above and
the accompanying drawings disclose additional subject mat-
ter that is not within the scope of the claim or claims below,
the additional inventions are not dedicated to the public and
the right to file one or more applications to claim such
additional inventions is reserved.

What is claimed is:
1. A method for execution by one or more processing units
of a database management system, the method comprising:
determining, by the one or more processing units, to
transition a collection of data from storage in a set of
first temperature storage nodes of the database man-
agement system to storage in a set of second tempera-
ture storage nodes of the database management system
based on one or more criteria associated with the
collection of data, wherein each first temperature stor-
age node of the set of first temperature storage nodes is
paired with a corresponding second temperature stor-
age node of'the set of second temperature storage nodes
to form a set of parallel node pairs;
transitioning storage of the collection of data, in parallel,
by each parallel node pair of the set of parallel node
pairs, from storage in the set of first temperature storage
nodes to storage in the set of second temperature
storage nodes;
determining the collection of data has been stored in the
set of second temperature storage nodes; and
deleting the collection of data in the set of first tempera-
ture storage nodes.
2. The method of claim 1, wherein a criterion of the one
or more criteria comprises:
a data transition rule.
3. The method of claim 1, wherein a criterion of the one
or more criteria comprises:
an age of the collection of data.
4. The method of claim 3, wherein the determining to
transition the collection of data comprises:
determining the age of the collection of data exceeds an
age threshold.
5. The method of claim 1, wherein a criterion of the one
or more criteria comprises:
a least recently used criterion.
6. The method of claim 1, wherein a criterion of the one
or more criteria comprises:
a data access pattern.
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7. The method of claim 6 further comprises:

periodically determining whether the data access pattern

compares unfavorably to a data access pattern thresh-
old; and

when determining the data access pattern compares unfa-

vorably to the data access pattern threshold, determin-
ing to perform the transition.

8. The method of claim 1, wherein the determining the
collection of data has been stored comprises:

receiving a confirmation of a successful write from the set

of second temperature storage nodes.

9. The method of claim 1, wherein the transitioning
storage of the collection of data in parallel is via remote
direct memory access links.

10. The method of claim 1 further comprises:

prior to the determining to transition:

determining the collection of data is of a first tempera-
ture, wherein the first temperature indicates an
expected access rate of the collection of data is above
a first access rate threshold; and

storing the collection of data in the set of first tempera-
ture storage nodes.

11. The method of claim 1 further comprises:

determining, by the one or more processing units, to

transition the collection of data from storage in the set
of second temperature storage nodes to storage in a set
of third temperature nodes of the database management
system based on the one or more criteria associated
with the collection of data, wherein each second tem-
perature storage node of the set of second temperature
storage nodes is paired with a corresponding third
temperature storage node of the set of third temperature
storage nodes to form a second set of parallel node
pairs; and

transitioning storage of the collection of data in parallel,

by each second parallel node pair of the second set of
parallel node pairs, from storage in the set of second
temperature storage nodes to storage in the set of third
temperature storage nodes.

12. The method of claim 11 further comprises:

determining to transition the collection of data from

storage in the set of third temperature storage nodes to
storage in a set of fourth temperature nodes based on
the one or more criteria associated with the collection
of data, wherein each third temperature storage node of
the set of third temperature storage nodes is paired with
a corresponding fourth temperature storage node of the
set of fourth temperature storage nodes to form a third
set of parallel node pairs; and

transitioning storage of the collection of data in parallel,

by each third parallel node pair of the third set of
parallel node pairs, from storage in the set of third
temperature storage nodes to storage in the set of fourth
temperature storage nodes.

13. The method of claim 12, wherein storage devices of
the set of second temperature storage nodes comprise non-
volatile random access memory.

14. The method of claim 12, wherein storage devices of
the set of third temperature storage nodes comprise serial
advanced technology attachment (SATA) solid state drives
(SSD) memory.

15. The method of claim 12, wherein storage devices of
the set of fourth temperature storage nodes comprise archi-
val storage devices.

16. The method of claim 1, wherein storage devices of the
set of first temperature storage nodes comprise dynamic
random access memory.
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17. The method of claim 1, wherein storage devices of the
set of first temperature storage nodes comprise flash
memory.

18. The method of claim 17, wherein storage devices of
the set of second temperature storage nodes comprise non- 5
volatile random access memory.
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